Eukaryotic genes often generate a variety of RNA isoforms that can lead to functionally distinct 10 protein variants. The synthesis and stability of RNA isoforms is however poorly characterized. 11
currently not be obtained at the level of individual RNA isoforms. 48
The architecture of RNA isoforms has been addressed so far by 'short-read' RNA 49 sequencing approaches such as DARTS 18 , VastDB 19 and MPE-seq 20 to study alternative 50 splicing or TIF-seq 1,3 to elucidate combinations of paired 5'-and 3'-ends of individual RNAs. 51
More recent approaches include 'long-read' sequencing approaches on the PacBio SMRT 52
Sequencing platform 6 or Oxford Nanopore Technologies nanopore sequencing platform 5, 21, 22 . 53 These methods however are not able to study the metabolism of individual RNA isoforms 54 because they lack the ability to assign age to single reads. 55
Methods to measure the synthesis and stability of combined RNA for entire gene loci are 56 available [23] [24] [25] . Transient transcriptome sequencing (TT-seq) is a protocol that allows to 57 distinguish newly synthesized from pre-existing RNA in human cells 26 . TT-seq involves a brief 58 exposure of cells to the nucleoside analogue 4-thiouridine (4sU). 4sU is incorporated into RNA 59 during transcription, and the resulting 4sU-labeled RNA can be purified and sequenced to 60 provide a snapshot of immediate transcription activity. This then enables to computationally 61 infer RNA synthesis and stability at the level of the combined RNA signal from a gene locus. 62
Recent methods to assess RNA stability include SLAM-seq 27 and TimeLapse-seq 28 . 63
Like TT-seq, SLAM-seq and TimeLapse-seq involve an exposure of cells to 4sU for labeling of 64 newly synthesized RNA. A chemical modification of the incorporated 4sU then allows for the 65 identification of labeled RNA in silico without the need for purification. All of these methods, 66 however, have limitations. First, sequencing reads can normally only be assigned to entire gene 67 loci and not to RNA isoforms and thus only allow a combined RNA stability assessment. 68 Second, they require template amplification, which can lead to an imbalance in measured 69 sequences and information loss, e.g. modified RNA bases 29 . Third, labeled RNA purification 70 (TT-seq) and cDNA library preparation (TT-seq, SLAM-seq & TimeLapse-seq) can also 71 introduce biases. 72 Therefore, monitoring RNA metabolism at the level of RNA isoforms requires a method 73 that can detect individual RNA molecules. Recent advances in 'long-read' nanopore sequencing 74 indeed enable the sequencing of single, full-length RNA molecules 5 . Nanopore technology can 75 directly sequence the original native RNA molecule with its modifications, may they be natural 76 or acquired by metabolic RNA labeling. Moreover, the availability of the entire RNA and coding 77 sequence (CDS) within a single read allows to unambiguously and directly determine exon usage 78 30 . Direct RNA 'long-read' nanopore sequencing also has the potential to detect the position and 79 length of the poly(A)-tail along with each single isoform. 80
Here we developed nanopore sequencing-based Isoform Dynamics (nano-ID), which 81 combines metabolic RNA labeling with native RNA 'long-read' nanopore sequencing for RNA 82 isoform detection. In combination with computational modeling and machine learning this 83 Page 4 allows for a full characterization of RNA isoforms dynamics. nano-ID can identify and quantify 84 RNA isoforms along with their synthesis rate, stability and poly(A)-tail length in the human 85 myelogenous leukemia cell line K562. We show that this is possible with nano-ID in a 86 quantitative manner in steady state and also during the transcriptional response to heat shock. 87 nano-ID is able to resolve the dynamic metabolism of RNA isoforms upon heat shock and 88 demonstrates the need for individual RNA isoform assessment. Taken together, nano-ID can be 89 used to elucidate a largely unexplored complex layer of gene regulation at the level of single 90 native RNA isoforms and their metabolism. 91
92
Results 93
Experimental design 94
To monitor the metabolism of RNAs at the level of single isoforms, we sought to combine 95 metabolic RNA labeling with direct, single-molecule RNA nanopore sequencing (Figure 1a) . By 96 culturing cells in the presence of a nucleoside analogue, cells will take up and incorporate the 97 analogue in nascent RNA during transcription, allowing to distinguish newly synthesized RNA 98 isoforms from pre-existing RNA isoforms in silico based on the quantification of analogue-99 containing subpopulations. This will allow to infer the synthesis rate and stability of single RNA 100 isoforms. In order to dynamically characterize functional and fully processed RNA transcripts, 101 we decided to measure poly-adenylated RNA species. The library preparation kit offered by 102 Oxford Nanopore Technologies for direct RNA sequencing (SQK-RNA001) is specifically 103 optimized for this purpose. A 3' poly(A)-tail specific adapter is ligated to the transcript in a first 104 step. Then a second sequencing adapter equipped with a motor protein is ligated to the first 105 adapter. The preparation of RNA libraries from biological samples for direct RNA nanopore 106 sequencing is established and can be carried out within 2h 31 . Major challenges that we faced 107 were however the search of a suited nucleoside analogue for RNA labeling and the detection of 108 labeled RNA isoforms, provided that the labeling efficiency is known to be limited to about 2-109 3%, i.e. only two or three out of 100 natural nucleotides are replaced by the analogue 32 . 110 111
5-Ethynyluridine ( 5E U) can be detected in RNA by nanopore sequencing 112
To investigate if nucleoside analogues incorporated into RNA are detectable in the nanopore, we 113 used synthetic RNAs derived from the ERCC RNA spike-in mix (Life Technologies). These 114 synthetic RNAs of an approximate length of 1,000 nucleotides were chosen with similar U 115 content ( Supplementary Table 3 ). RNAs were transcribed in vitro using either the standard 116 bases A, U, C, G as a control, or with one of the natural bases exchanged for a nucleoside 117 analogue (Figure 1b, Methods) . Subsequently, we subjected these synthetic RNAs to direct 118 RNA nanopore sequencing ( Supplementary Figure 1a-b) . We compared the nucleoside 119 analogues 5-Ethynyluridine ( 5E U), 5-bromouridine ( 5Br U), 5-iodouridine ( 5I U), 4-thiouridine ( 4s U) 120 and 6-thioguanine ( 6s G). To this end we used the base-called and mapped direct RNA sequencing 121 results to calculate how probable the identification would be on the level of single nucleotides. In 122 particular, we compared the error rate in single nucleotide base-calls of nucleoside analogues to 123 that of natural U or G (Figure 1c, Methods) . 124
The thiol-based analogues, 4s U and 6s G, showed lower incorporation efficiencies during 125 in vitro transcription (IVT) and led to blockages during nanopore sequencing. 5E U and 5I U could 126 be detected to a similar extent by nanopore sequencing, whereas 5Br U was less easily recognized 127 (Figure 1c ). Since 5E U is not toxic to cells 32-34 , we used 5E U for a more detailed analysis. 128
Approximately 50% of all U positions in 5E U-containing synthetic RNAs are consistently 129 miscalled by the standard base-calling algorithm and can thus be discerned from U (Figure 1d , 130 Page 6
We then established direct RNA nanopore sequencing in the human myelogenous 143 leukemia cell line K562. We cultured K562 cells in the presence of 5E U for 60 minutes ( 5E U 60 144 min) in 4 biological replicates (Methods). For comparison, we created 3 biological replicates 145 exposed to 5E U labeling for 24 h ( 5E U 24 h) and 3 biological replicates that were not labeled 146 (Control). After standard base-calling, we could map reads to support 13,110 RefSeq annotated 147 transcription units (RefSeq-TUs, Methods), 8,098 of these were supported in all conditions and 148 1,726 were supported in all samples. 149
All combined samples were then used to perform a full-length alternative RNA isoform 150 analysis by means of the FLAIR algorithm 22 . This allows defining instances of unique exon-151 intron architecture with unique start and end sites in human K562 cells. Raw human direct RNA 152 nanopore reads were corrected with the use of short-read sequencing data (RNA-seq) to increase 153 splice site accuracy. We could detect 33,199 distinct RNA isoforms with an average of 3 154
isoforms per gene. This shows that direct RNA nanopore sequencing uncovers individual RNA 155 isoforms in human K562 cells (Figure 2 ) with high reproducibility (Supplementary Figure 2) . 156 157 A neural network identifies newly synthesized RNA isoforms 158
The next step was to derive a computational method that could classify each sequenced RNA 159 molecule into one of two groups, newly synthesized ( 5E U-labeled) or pre-existing (unlabeled) 160 RNA. To this end, the nucleoside analogue 5E U had to be detected in RNA molecules. This 161 would allow the quantification of RNA isoforms generated during the 5E U labeling pulse. Due to 162 the high error rate of nanopore sequencing, a single 5E U base-call is inappropriate as an indicator. 163
We rather used the raw signal of the entire RNA nanopore read, including the base-calls and the 164 alignment, to discriminate labeled from unlabeled RNAs. This discrimination was implemented 165 as a classifying neural network. We developed a custom multi-layered data collection scheme to 166 train a neural network for the classification of human RNA isoforms under the assumption that 167 the 5E U 24 h samples solely contain labeled reads and the fact that the Control samples solely 168 contain unlabeled reads (Figure 3a, Methods) . 169
We then trained a neural network (Methods) on the 5E U 24 h versus Control samples 170 with an accuracy of 0.87 and a false discovery rate (FDR) of 0.025 (5-fold cross-validated). A Page 7 the curve (AUC) of 0.94. For reads with an alignment length larger than 500 nt and 1,000 nt the 173 AUC improved to 0.96 (Figure 3b, Supplementary Figure 3a, b) . Subsequently we used the 174 trained neural network to classify reads of the 5E U 60 min samples into 5E U-labeled and 175 unlabeled. Taken together, 5E U containing RNA isoforms are computationally detectable with 176 high accuracy (Figure 3c) . For validation purposes, we used another machine learning approach. 177
We trained a random forest on the same data, which yielded similar results (Supplementary 178 Figure 3c, d ). Thus, we were able to determine for each single RNA molecule if it has been 179 produced during 5E U labeling or before, with a low false discovery rate (Figure 3c) . 180 181
nano-ID provides the stability and poly(A) tail length of RNA isoforms 182
The ability to distinguish newly synthesized and pre-existing RNA molecules allowed us to 183 derive estimates for the stability of RNA isoforms. For each single direct RNA nanopore read we 184 were able to assign the RNA isoform it reflects. Additionally, we were able to assess the stability 185 of RNA for single RNA isoforms by applying a first-order kinetic model ( To demonstrate the advantages of nano-ID, we subjected human K562 cells to heat shock (42 208 °C) for 60 min in the presence of 5E U ( 5E U 60 min HS) (Figure 5a) . The heat shock response 209 provides a well-established model system [36] [37] [38] [39] [40] [41] (Supplementary Figure 5) . We first asked 210 whether RNA isoforms do retain more introns after heat shock as this was shown in the mouse 211 system 42 . Indeed, we observed widespread intron retention which significantly increased upon 212 heat shock (Figure 5b) . Although intron retention generally influences the stability of an RNA, it 213 does not explain changes in RNA isoform stability upon heat shock (Figure 5c ). This finding is 214 consistent with the idea that specific RNA elements occurring only in specific RNA isoforms 215 influence RNA stability. 216
We next asked if RNA isoform synthesis is altered by heat shock and observed 217 significant differential RNA isoform synthesis for 285 isoforms (fold change > 1.25 and p-value 218 < 0.1). 187 RNA isoforms were significantly upregulated, while 98 were downregulated ( Figure  219 5d). RNA isoforms that changed their synthesis during heat shock were also observed to alter 220 their stability (Figure 5e-f ). In particular, RNA isoforms that were upregulated in their synthesis 221 during heat shock also showed a lower stability, and the other way around, resembling typical 222 stress response behavior 24 . The destabilization of upregulated RNA isoforms is likely to ensure 223 their rapid removal toward the end of the stress response. Similarly, downregulated RNA 224 isoforms are stabilized, perhaps to preserve them for translation at later stages. 225 226
nano-ID reveals the biogenesis of RNA isoforms 227
Although standard native RNA isoform sequencing can reveal isoforms present in a sample after 228 perturbation, it cannot distinguish whether these isoforms were derived by synthesis, stability, 229 splicing, or any combination of these. nano-ID however is able to disentangle these parameters. 230
For example, although we observe a general increase in intron retention upon heat shock, we find 231 Page 9 exceptions at the level of RNA isoforms. This can be clearly seen at the human C1orf63 gene 232 locus (Supplementary Figure 5g) . Here, the majority of reads, that retain the entire 3 rd intron, 233 were newly synthesized in the control samples. It is however unclear if this intron will be 234 retained throughout the existence of these RNA molecules. Investigation of the same gene locus 235 upon heat shock showed that the vast majority of reads were pre-existing RNAs. This indicates 236 that this RNA is not transcribed anymore upon heat shock and allows for the conclusion that 237 intron retention is not altered, rather, less introns are seen retained when only old RNA is 238 detected. Taken together, this shows that nano-ID is able to resolve the dynamic behavior of 239 RNA isoforms upon stimuli that could not be seen otherwise. It demonstrates the need for 240 individual RNA isoform detection and classification into newly synthesized and pre-existing 5g). We now asked whether changes in RNA stability would also be reflected in changes in 250 poly(A)-tail length upon heat shock, and this was not the case (Figure 5h) . Instead, we found 251 genes that showed the opposite behavior to the overall correlation as demonstrated for the human 252 HSPB1 locus (Figure 6a-b) . Here, destabilization of combined RNAs is accompanied by 253 lengthening of the poly(A)-tail. This view changes dramatically when considering individual 254 RNA isoforms (Figure 6c) . For those three RNA isoforms at the human HSPB1 gene locus for 255 which stability estimates were supported by all 3 biological replicates (Methods) we found that 256 poly(A)-tails were generally longer. RNA stability however was decreased for 2 out of the 3 257 RNA isoforms and increased for the third. This clearly indicates the need for detailed individual 258 RNA isoform assessment as individual RNA isoforms can lead to functionally distinct protein 259 variants. Thus, it is crucial to also study the behavior of individual RNA isoforms instead of 260 breaking it down to the combined view of the entire gene locus. 261
As a second example, we picked RNA isoforms at the human TAGLN2 gene locus 262 (Figure 6d ). We could identify 7 different RNA isoforms and reliably calculate RNA stability 263 for 6 RNA isoforms. Two of them were stabilized upon heat shock, 4 of them were destabilized. 264
All 4 destabilized RNA isoforms include the second to last exon, which might cause this change 265 in stability. RNA isoform 7 is an exception to this observation as it is stabilized upon heat shock. 266
It, however, also contains a 3' UTR that is 42 bases shorter than all the other RNA isoforms. We 267 asked whether there is differential behavior of individual RNA isoforms genome-wide or if RNA 268 isoforms generally reflect the changes in stability of the combined RNA from their respective 269 gene loci. To that end, we compared RNA stability estimates of individual RNA isoforms to 270 those from combined RNAs and found that the dynamics of individual RNA isoform during heat 271 shock varies globally (Figure 6e, Supplementary Figure 6) . Taken together, this shows that 272 conclusions can be misleading when combined RNAs are used and how much can be learned on 273 the level of single RNA isoforms by using nano-ID. 274
275
Discussion 276
Here we develop nano-ID, a method that allows for dynamic characterization of functional and 277 fully processed RNA isoforms on the level of single native RNA molecules. nano-ID combines 278 metabolic RNA labeling with native RNA nanopore sequencing to enable RNA isoform 279 identification, estimation of its stability, and a measurement of its poly(A)-tail length from a 280 single sample. nano-ID is able to visualize changes in RNA isoform synthesis and stability and 281 reveals a hidden layer of gene regulation. nano-ID thus allows to study transcriptional regulation 282 in unprecedented detail and can prevent misleading conclusions that would be obtained when 283 only combined RNAs from an entire gene locus are considered, as is done by RNA-seq, 4sU-seq 284 or TT-seq. 285 nano-ID has many advantages over other sequencing-based transcriptomic strategies as it 286 allows to sequence the original native RNA molecule. In particular, there is no need for 287 fragmentation of RNA prior to sequencing and hence no ambiguity in assigning reads to RNA 288 isoforms. nano-ID also does not require template amplification and thus omits copying errors and 289 sequence-dependent biases. It comes without a lengthy library protocol and eliminates 290 sequencing by synthesis and therefore prevents loss of information on epigenetic modifications 291 and artificially introduced RNA base analogues. It is PCR-free and shows neither sequence bias 292 nor read duplication events. Taken together, it overcomes drawbacks and limitations of state-of-293 the-art approaches and increases the gathered information vastly. 294
Generally, nanopore sequencing has still limitations in throughput and accuracy. These 295 drawbacks, however, are outweighed by the information obtained on the sequencing substrates. 296
The longer the sequenced molecules are, the less problematic is the lack in accuracy in 297 identifying their origin or classifying it into newly-synthesized or pre-existing. On top of that, 298 there are strategies to improve splice site calling with already existing high accuracy 'short-read' 299 sequencing data to reduce sequencing errors or to assess the likelihood of real nucleotide 300 variants. We can however show that our algorithmic strategies are already sufficient to address 301 metabolic rate estimation in a reliable manner. Technical improvements in nanopore sequencing 302 or their computational processing will strongly improve the accuracy of individual read 303 sequences and thus detectability of 5E U. The task at hand will be the development of a novel 304 base-calling algorithm for direct RNA nanopore sequencing with extended base alphabet (A, C, 305 G, U & 5E U). Furthermore, increased throughput will foster statistical precision of metabolic rate 306 estimation and will also allow to elucidate low abundant or transient processes. 307
Nanopore-based transcriptomic studies will allow us to monitor the formation of 308 transcripts, post-transcriptional processing, export and translation at the level of single RNA 309 isoforms. nano-ID is in principle also transferable to single cell methodologies, to catch 310 heterogeneity of the RNA population in any state of the cell. This however requires sequencing 311 library preparation with lower input amounts. The use of 5E U is widely established for in vivo 312 applications in the field such as fluorescence microscopy. We thus envision that nano-ID is in 313 principle applicable to many types of organisms, cells and conditions. 314 kept at low passage numbers (<6) and at optimal densities (3x10^5 -8x10^5) during all 361 experimental setups. Per biological replicate, K562 cells were diluted 24 h before the experiment 362 was performed ( Supplementary Table 1 ). Per 5E U 60 min sample (4 replicates), cells were 363 incubated at 37 °C, 5 % CO 2 for 1 h after a final concentration of 500 µM 5-Ethynyluridine ( 5E U, 364
Jena Bioscience) was added. Per 5E U 24 h sample (3 replicates), cells were incubated at 37 °C, 365 5% CO 2 for 24 h. 5E U was added 3 times during the 24h incubation, i.e. every 8 hours (0h, 8h, 366 16h) at a final concentration of 500 µM. Control samples were not labeled (3 replicates). Per 5E U 367 60 min HS (heat shock) sample (3 replicates), cells were incubated at 42 °C for 5 min (until cell 368 suspension reached 42 °C), and then 5E U was added at a final concentration of 500 µM. Further, 369 heat shock treatments were performed in a water bath (LAUDA, Aqualine AL12) at 42 °C. for 1 370 h. Temperature was monitored by thermometer. To avoid transcriptional changes by freshly 371 added growth medium, fresh growth medium was added ~24 h prior to heat shock treatments 43 . 372
Exactly after the labeling duration, cells were centrifuged at 37 °C and 1,500 x g for 2 min. Total 373 RNA was extracted from K562 cells using QIAzol (Quiagen) according to manufacturer's 374 instructions. Poly(A) RNA was purified from 1 mg of total RNA using the µMACS mRNA 375
Isolation Kit (Milteny Biotec) following the manufacturer's protocol. The quality of poly(A) 376 RNA selection was assessed using the TapeStation System (Agilent). Poly(A) selected RNAs Page 14 were subsequently subjected to direct RNA nanopore sequencing library preparation (SQK-378 RNA001, Oxford Nanopore Technologies) following manufacturer's protocol with 1000 ng 379 input. All libraries were sequenced on a MinION Mk1B (MIN-101B) for 48 h, unless reads 380 sequenced per second stagnated dramatically. 381 382 RNA-seq. Two biological replicates of K562 cells were diluted 24 h before the experiment was 383 performed. Per replicate, 3.6 x 10 7 cells in growth medium were labeled at a final concentration 384 of 500 µM 4-thio-uracil (4sU, Sigma-Aldrich), and incubated at 37 °C, 5 % CO 2 for 5 min. 385
Exactly after 5 min of labeling, cells were harvested at 37 °C and 1,500 x g for 2 min. Total 386 RNA was extracted from K562 cells using QIAzol according to manufacturer's instructions 387 except for the addition of 150 ng RNA spike-in mix 26 together with QIAzol. To isolate polyA 388 RNA from 75 µg of total RNA, two subsequent rounds of purification by Dynabeads 389
Oligo (dT) 25 (invitrogen) were performed. Purification based on manufacturer's instructions was 390 performed twice, using 1 mg of Dynabeads Oligo (dT) 25 Direct RNA nanopore sequencing data preprocessing of synthetic RNAs. Direct RNA 398 nanopore sequencing reads were obtained for each of the samples (Supplementary Table 1) . 399 FAST5 files were base-called using Albacore 2.3.1 (Oxford Nanopore Technologies) with the 400 following parameters: read_fast5_basecaller.py -f FLO-MIN106 -k SQK-RNA001. Direct RNA 401 nanopore sequencing reads were mapped with GraphMap 0.5.2 44 to the synthetic RNA reference 402 sequence with the following parameters: graphmap align --evalue 1e-10. Further data processing 403 was carried out using the R/Bioconductor environment. 404 405 Direct RNA nanopore sequencing data preprocessing of human K562 cells. Direct RNA 406 nanopore sequencing reads were obtained for each of the samples (Supplementary Table 1) . 407 FAST5 files were base-called using Albacore 2.3.1 (Oxford Nanopore Technologies) with the 408 following parameters: read_fast5_basecaller.py -f FLO-MIN106 -k SQK-RNA001. Direct RNA 409 nanopore sequencing reads were mapped with Minimap2 2.10 45 to the hg20/hg38 (GRCh38) 410 genome assembly (Human Genome Reference Consortium) with the following parameters: RefSeq-TU) either as 5E U-labeled \T and unlabeled \T − \T . The resulting counts were 527 subsequently converted into synthesis rates \T and degradation rates \T for isoform in sample 528 assuming first-order kinetics as in 24 using the following equations: 529
where t is the labeling duration in minutes and is the growth rate (dilution rate, i.e. the 532 reduction of concentration due to the increase of cell volume during growth) defined as 533 Table 1 ). Reads were demultiplexed and mapped with STAR 2.3.0 50 to the hg20/hg38 542 (GRCh38) genome assembly (Human Genome Reference Consortium). Samtools 46 was used to 543 quality filter SAM files, whereby alignments with MAPQ smaller than 7 (-q 7) were skipped and 544 only proper pairs (-f2) were selected. Further data processing was carried out using the 545 Page 20 R/Bioconductor environment. We used a spike-in (RNAs) normalization strategy essentially as 546 described 26 to allow observation of antisense bias ratio T (ratio of spurious reads originating 547 from the opposite strand introduced by the reverse transcription reaction). Antisense bias ratios 548 were calculated for each sample j according to 549 Ethynyluridine ( 5E U) in vivo. Newly-synthesized RNA isoforms will incorporate 5E U instead of 726 standard uridine (U) residues. This allows to distinguish the newly synthesized RNA isoforms 727 (Labeled) from pre-existing RNA isoforms (Unlabeled) in silico after sequencing the native full-728 length molecules on an array of nanopores 5 . 5E U containing RNA isoforms are computationally 729
